We report on neutron scattering and piezoresponse force microscopy studies of multiferroic BiFeO 3 films epitaxially grown on vicinal SrTiO 3 substrates. We find that these BiFeO 3 films exhibit a G-type antiferromagnetic structure modulated with cycloidal spiral magnetic ordering with the features of magnetic domains depending upon the ferroelectric domain states: a single antiferromagnetic domain for the films with a ferroelectric monodomain while two-or multiantiferromagnetic domains existing in the films displaying two-or four-ferroelectric variants, respectively. These results imply the correlation between ferroelectric and magnetic order parameters in the BiFeO 3 films and the expected strong magnetoelectric coupling makes these multiferroic films promising candidates for device applications with the capability to tune the magnetism using an electric field. The intriguing properties of multiferroics, i.e., materials exhibiting the coexistence of magnetism and ferroelectricity, have stimulated intense research interest in recent years. 1, 2 This is mainly driven by their potential applications in information storage and sensor technologies, as well as the fundamental scientific interest. The most appealing feature of multiferroics lies at the capability to tune the magnetism ͑po-larization͒ by applying an electric ͑magnetic͒ field, which requires a strong magnetoelectric ͑ME͒ coupling between the two ordering parameters. Nevertheless, multiferroics with a single-phase crystal structure are rare in nature and most of the multiferroic materials discovered so far have relatively low-ordering temperatures, significantly limiting their practical applications.
We report on neutron scattering and piezoresponse force microscopy studies of multiferroic BiFeO 3 films epitaxially grown on vicinal SrTiO 3 substrates. We find that these BiFeO 3 films exhibit a G-type antiferromagnetic structure modulated with cycloidal spiral magnetic ordering with the features of magnetic domains depending upon the ferroelectric domain states: a single antiferromagnetic domain for the films with a ferroelectric monodomain while two-or multiantiferromagnetic domains existing in the films displaying two-or four-ferroelectric variants, respectively. These results imply the correlation between ferroelectric and magnetic order parameters in the BiFeO 3 films and the expected strong magnetoelectric coupling makes these multiferroic films promising candidates for device applications with the capability to tune the magnetism using an electric field. The intriguing properties of multiferroics, i.e., materials exhibiting the coexistence of magnetism and ferroelectricity, have stimulated intense research interest in recent years. 1, 2 This is mainly driven by their potential applications in information storage and sensor technologies, as well as the fundamental scientific interest. The most appealing feature of multiferroics lies at the capability to tune the magnetism ͑po-larization͒ by applying an electric ͑magnetic͒ field, which requires a strong magnetoelectric ͑ME͒ coupling between the two ordering parameters. Nevertheless, multiferroics with a single-phase crystal structure are rare in nature and most of the multiferroic materials discovered so far have relatively low-ordering temperatures, significantly limiting their practical applications.
BiFeO 3 ͑BFO͒ is the only known single-phase multiferroics with both the ordering temperatures above 300 K. Bulk BFO is noncentrosymmetric with a distorted rhombohedral perovskite structure ͑a = 3.96 Å and ␣ = 89.4°͒. Due to its low symmetry, there are eight possible orientations of the ferroelectric polarization, each of which is along one of the ͗111͘ crystal directions. 3 In addition to its ferroelectricity, BFO is a G-type antiferromagnet ͑AFM͒ with an additional long-range ͑ϳ62 nm͒ magnetic modulation ͑cycloidal spiral magnetic ordering͒. 4 While it has been generally believed that ME coupling in BFO is very weak ͑the linear ME term is averaged to zero͒ because of such an antiferromagnetic spiral spin structure, 5 the electric-field control of the magnetic structure in bulk BFO single crystals with a ferroelectric monodomain was recently demonstrated for the first time by means of neutron scattering measurements, 6, 7 which was attributed to the ME coupling at the atomic level through Dzyaloshinskii-Moriya interaction. 6 From the viewpoint of technological applications, however, one needs to exploit the thin film architectures of multiferroic materials because of the requirement of switching the electric polarization with a much smaller electric voltage. A few years back, Zhao et al. 8 reported the electric control of AFM domains in BFO thin films ͑600 nm͒ using the photoemission electron microscopy technique. Because of the epitaxial constraint, it was claimed that these BFO films have a collinear G-typed AFM structure with the Fe 3+ AFM moments oriented in the ͕111͖ planes, perpendicular to the ferroelectric polarization directions. 8 The suppression of cycloidal spin structure introduces a linear ME coupling between the two ordering parameters. The absence of the spiral spin structure in BFO thin films was also demonstrated by neutron diffraction technique, with the film thickness scaled up to 240 nm. 9 However, it has been argued that the ME coupling in BFO thin films is two orders weaker than that in the bulk with the cycloidal spiral spin structure. 6 Furthermore, with the existence of multiple ferroelectric domains in the previously studied BFO films, 8, 9 it can complicate the analysis of the magnetic structure, the ME interaction, and their practical applications. Therefore, it is highly desirable to achieve BFO films with both cycloidal spin structure and controllable ferroelectric domains, and the investigation of their correlation appears to be highly valuable.
In this paper, we studied the magnetic structure of epitaxial BFO films with engineered ferroelectric domains combining both neutron scattering and piezoresponse force microscopy ͑PFM͒ techniques. By depositing BFO films on vicinal ͑001͒-oriented SrTiO 3 substrates, BFO films with ferroelectric monodomain, two-domain, or multidomain structures were achieved. For these as-grown, partially strain-relaxed BFO films, we found that the films with a ferroelectric monodomain show an antiferromagentic single domain superimposed with a cycloidal spiral spin structure, and that BFO films with two-or multiferroelectric domains display two-or multiantiferromagnetic domains correspondingly. These findings have significant implications of the strong magnetoelectric coupling in BFO films, which makes them promising candidates for device applications with the function of the electric-field control of magnetism.
BFO films of 800 and 200 nm thick were deposited using fast rate off-axis sputtering technique on ͑001͒-oriented SrTiO 3 substrates with 0°or 4°-miscut, with a 50 nm SrRuO 3 layer serving as the bottom electrode. The substrate miscut direction is along either the ͓100͔ or ͓110͔ direction, as illustrated by the schematic diagram in Figs. 1͑a͒, 1͑e͒ , and 1͑i͒. The growth temperatures of SrRuO 3 and BFO layers are 550°C and 690°C, respectively. Detailed growth conditions have been previously reported. 10, 11 Table I lists the sample configurations with the values in the parenthesis being the out-of-plane lattice parameter obtained from high resolution x-ray diffraction measurements. All these films show a distorted rhombohedral structure with the in-plane strain smaller than 0.4%. The purpose of S4 is to study the effect of strain relaxation on the magnetic structure of BFO films by comparing with S1, which will be further discussed later on. PFM was utilized to characterize ferroelectric domains of the as-grown films, followed by neutron-scattering measurements to study the magnetic structures. Neutrondiffraction experiments were carried out on HB1A triple-axis spectroscopy stationed in High Flux Isotope Reactor at Oak Ridge National Laboratory. The neutron incident energy is 14.6 meV, and the collimation setup was 40Ј −20Ј −20Ј −68Ј. All measurements were conducted at room temperature.
Figures 1͑b͒-1͑d͒, 1͑f͒-1͑h͒, and 1͑j͒-1͑l͒ show typical images of ͓͑b͒, ͑f͒, and ͑j͔͒ topography, ͓͑c͒, ͑g͒, and ͑k͔͒ out-of-plane phase, and ͓͑d͒, ͑h͒, and ͑l͔͒ in-plane phase for samples S1, S2, and S3, respectively. Note that the PFM results of S4 are similar to those of S1, and thus are not shown in Fig. 1 . The applied tip voltage was 6 V, smaller than the critical voltage to switch the ferroelectric domains, and the images were scanned along the ͓1 1 0͔ direction. Topography images show that BFO films ͑S1 S2, and S4͒ grown on the 4°-miscut substrate exhibit a step-terrace surface morphology due to the step-flow growth mode while the film ͑S3͒ on the substrate without a miscut show islands and holes on the top surface, which is characteristic of the twodimensional nucleation and growth mode. Furthermore, there appears no contrast in both out-of-plane and in-plane phase images for S1, indicating that S1 has a ferroelectric mon- 1 . ͑Color online͒ ͓͑a͒-͑e͔͒ Schematics of the growth mode of S1, S2, and S3, respectively, with colors of the cubes representing unit cells with different ferroelectric variants. ͓͑b͒-͑d͒, ͑f͒-͑h͒, and ͑j͒-͑l͔͒ typical Piezoresponse force microscopy images of ͓͑b͒, ͑f͒, and ͑j͔͒ topography, ͓͑c͒, ͑g͒, and ͑k͔͒ out-of-plane phase, and ͓͑d͒, ͑h͒, and ͑l͔͒ in-plane phase for samples S1, S2, and S3, respectively. Images were scanned along the ͓1 1 0͔ direction. Insets in Figs. 1͑b͒ and 1͑f͒ show the schematics of rhombohedral distortion toward ͓110͔ and ͓100͔ direction for S1 and S2 grown on 4°-miscut substrates; and insets in Figs. 1͑c͒, 1͑g͒, and 1͑k͒ show the schematics of ferroelectric polarization directions of S1 with a monodomain state, S2 with a two-domain state, and S3 with a multidomain state, respectively. odomain structure, which originates from the broken symmetry of the eight polarization variants due to the vicinity of the substrate. 10, 12 The film is tilt along the substrate miscut direction, i.e., ͓110͔, to partially relieve the elastic energy, allowing the downhill miscut direction to be the preferential rhombohedral distortion. 10 This results in a single ferroelectric domain with the electric polarization along r 1 − ͓͑Ϫ1 Ϫ1 Ϫ1͔͒, as presented by the schematics ͓inset of Fig. 1͑c͔͒ . In the same way, when the substrate miscut is along the ͓100͔ direction in S2, there is no phase contrast in the out-of-plane image either; however, there exist two stripe domains in the in-plane image corresponding to two ferroelectric domains with the polarization direction along r 1 − ͓͑Ϫ1 Ϫ1 Ϫ1͔͒ and r 4 − ͓͑Ϫ1 1 Ϫ1͔͒ as represented in the inset of Fig. 1͑g͒ . According to Fig. 1͑g͒ , the population of these two domains is quite close to each other, which is consistent with the previous high resolution x-ray diffraction analysis. 10 In contrast, for the sample S3 grown on the SrTiO 3 substrate without a miscut, the strain relaxation is accomplished mainly through surface roughing instead of crystallographic tilt. 10 Therefore, S1 has all eight possible ferroelectric variants with two out-of-plane and four in-plane polarization components, as illustrated in Figs. 1͑k͒ and 1͑l͒ .
Neutron-diffraction experiments were carried out on these precharacterized BFO films. As mentioned earlier, bulk BFO is a G-type AFM modulated with the cycloidal spiral spin structure. Because of the rhombohedral symmetry, there exists three equivalent propagation wave vectors associated with the magnetic modulation, ͓␦ ,-␦ ,0͔, ͓␦ ,0,-␦͔, and ͓0,␦ ,-␦͔, for BFO single crystals with the polarization along the ͓111͔ direction, with ␦ = 0.0045 corresponding to a 62 nm modulation length. 3 Here we performed neutron-scattering measurements around the four antiferromagnetic Bragg reflections of ͑0.5, 0.5, 0.5͒ type in six different scattering planes of ͑H H L͒ type to search for the magnetic structures of the BFO films. Considering the fact that the neutron has a large penetration depth, nuclear neutron scattering intensity of the substrate dominates over the film's nuclear neutron scattering signal. Therefore, samples were aligned using the lattice parameter ͑3.905 Å͒ of the SrTiO 3 substrate as the reference. Besides, as the measurements were performed at room temperature, the ferromagnetic ordering ͑T c SRO ϳ 160 K͒ of the SrRuO 3 electrode does not need to be considered and would not affect the discussion of the magnetic structure of BFO films.
Figures 2͑a͒-2͑d͒ shows the neutron-scattering intensity distribution of S1 with a ferroelectric monodomain in the ͑H -H L͒, ͑H H L͒, ͑H K -H͒, and ͑H K -K͒ planes. Each contour map consists of one or two ellipsoids, depending on the scattering plane measured. The shape of the ellipsoid is attributed to the instrument resolution. Two ellipsoids are aligned parallel to the ͓1 Ϫ1 0͔ direction in the ͑H -H L͒ scattering plane ͓Fig. 2͑a͔͒, each of which has the strongest intensity at its center corresponding to the magnetic Bragg scattering. Note that these two ellipsoids are not symmetric about the ͑0.5, Ϫ0.5, 0.5͒ position, presumably caused by the difference in lattice constants of the partially relaxed BFO film and the SrTiO 3 substrate. Line cut cross the center of the ellipsoids along the ͓1 Ϫ1 0͔ direction ͓the dashed line in Fig. 2͑a͔͒ is represented by the square symbols shown in Fig. 2͑e͒ . It can be well fitted using a Gaussian function with two maxima, as represented by the red curve. The full width at half maximum is about 0.004, mainly limited by the instrument resolution. The incommensurateness of the magnetic Bragg reflections and the splitting of the peaks indicate the existence of spiral magnetic structure in S1, and the half distance between the two maxima is about 0.0044, which corresponds to ϳ64 nm magnetic modulation length. This is quite consistent with what has been observed in the bulk BFO single crystal, 6,7 although S1 is partially relaxed with an in-plane compressive strain of ϳ0.15%. Within the ͑H K -H͒ plane, the centers of the two ellipsoids is not aligned along the ͓1 0 Ϫ1͔ direction; instead, it is tilted away from the ͓1 0 Ϫ1͔ direction by 60°. This suggests that the propagation vector is not along the ͓1 0 Ϫ1͔ direction, and the two ellipsoids result from the projection of the propagation vector along the ͓1 Ϫ1 0͔ direction onto the ͑H K -H͒ plane. A similar feature is also observed in the ͑H K -K͒ scattering plane ͓Fig. 2͑d͔͒. On the other hand, the projection onto the ͑H H L͒ plane leads to a single ellipsoid, as seen in Fig. 2͑b͒ . ͑Color online͒ ͓͑a͒-͑d͔͒ Contour maps showing the neutron intensity distribution of S1 in different scattering planes and the insets are the simulated results described in the text; The offcenter of the magnetic diffraction pattern from ͑0.5, 0.5, 0.5͒ type positions is attributed to the sample alignment using the SrTiO 3 substrate lattice parameter as a reference. ͑e͒ Line cut cross the center of two ellipsoids parallel to the ͓1 Ϫ1 0͔ direction ͓the dashed line shown in Fig. 2͑a͔͒ with a Gaussian function fit represented by the red curve; ͑f͒ Schematics showing the cycloidal spiral spin structure of S1. The shaded triangle represents the spin rotation plane defined by the polarization direction ͓1 1 1͔ and the propagation wave vector ͓1 Ϫ1 0͔. Spins rotate along the ͓1 Ϫ1 0͔ direction. Note that only spins in an antiferromagnetic sublattice are presented.
These results unanimously indicate that there is a single propagation wave vector existing in S1, which is along the ͓1 Ϫ1 0͔ direction. In other words, the BFO film with a ferroelectric monodomain exhibits an antiferromagnetic single domain with the cycloidal spiral magnetic modulation. Such a single AFM domain feature was very recently reported in the bulk BFO single crystal with a single ferroelectric domain with zero 6 or a large applied electric field. 7 For the bulk BFO single crystal, the spin rotation plane of the cycloidal spiral spin structure is defined by polarization vector and the propagation wave vector. 6 This is the case as well for the studied BFO film here. Spins of Fe 3+ ions lie in the plane defined by the polarization direction ͓111͔ and the propagation wave vector ͓1 Ϫ1 0͔, as represented by the shaded triangle shown in the inset of Fig. 2͑f͒ . The Fe 3+ spins rotate along the ͓1 Ϫ1 0͔ direction by an angle increment of ϳ2.3°͓Fig. 2͑f͔͒, very similar to what has been reported in the bulk BFO single crystal. 6 The magnetic structure factor of this cycloidal spiral structure can be expressed as S͑Q͒ϳG͑Q-+ P͒ +G͑Q--P͒ using a Gaussian approximation G͑x͒. Here Q is the wave vector transfer, is the ͑0.5, 0.5, 0.5͒ type vector, and P is the propagation wave vector which is ͓␦ ,-␦ ,0͔ for S1 with ␦ = 0.0044. We calculated the neutron intensity distribution using the RESLIB program package 13 which convolutes the instrument resolution. The simulated results are in excellent agreement with the experimental ones, as illustrated by the contour maps in the insets of Figs. 2͑a͒-2͑d͒ for different scattering planes.
We now turn to the magnetic structure of S2 with two ferroelectric variants demonstrated in Fig. 1͑g͒ . For the r 1 − ferroelectric variant, ͓␦ ,-␦ ,0͔, ͓␦ ,0,-␦͔, and ͓0,␦ ,-␦͔ are the possible propagation vectors of the spiral spin structure while ͓␦ , ␦ ,0͔, ͓0,␦ , ␦͔, and ͓␦ ,0,-␦͔ are the possible propagation vectors of the spiral spin structure associated with the r 4 − ferroelectric variant. The contour maps in Figs. 3͑a͒-3͑d͒ show the neutron intensity distribution of S2 in a series of scattering planes. Different from S1 on which we observed a single or two well-separated ellipsoids, the features shown in Fig. 3 seem a bit irregular; however, one is still able to tell the trace of ellipsoids. While the shift of the magnetic Bragg reflections from the positions of the ͑0.5, 0.5, 0.5͒ type complicates a quantitative analysis of the magnetic structure of S2, we argue that it is composed of two different magnetic domains with two propagation wave vectors along different directions, each of which is associated with an individual ferroelectric variant. For instance, the contour map with the magnetic Bragg reflections aligned parallel to the ͓0 1 0͔ direction shown in Fig. 3͑c͒ could be well fitted as the combination of two antiferromagnetic domains with the propagation vectors along ͓1 Ϫ1 0͔ ͓Fig. 3͑f͔͒ and ͓1 1 0͔ ͓Fig. 3͑g͔͒ directions, respectively, which correspond to r 1 − and r 4 − ferroelectric domains with an equal population, as depicted by Fig. 3͑e͒ . Figure 4 presents the neutron-scattering data for S3 with a ferroelectric multidomain state. Different from the magnetic diffraction pattern for a simple collinear G-type AFM magnetic structure as illustrated by the schematics shown in lower inset of Fig. 4͑d͒ , the width of these magnetic Bragg reflections of S3 is much broader than the instrument resolution, as seen from the upper inset of Fig. 4͑d͒ . Therefore, it is reasonable for us to speculate that S3 consists of multiple antiferromagnetic domains modulated with cycloidal spiral spin structure which are correlated with the ferroelectric multidomains. However, because there are multiple ͑3 4 ͒ combinations of propagation wave vectors of the spiral spin structure corresponding the four ferroelectric variants of S3, in addition to the facts that magnetic Bragg reflections are offcentered from ͑0.5, 0.5, 0.5͒ type positions due to the difference in the lattice parameters of the epitaxial BFO films ͑both in-plane and out-of-plane͒ and the SrTiO 3 substrate and that the magnitude of the off-center can be different for domains with different magnetic modulation wave vectors, it is complicated and difficult to exactly extract/determine the spiral spin structures of S3 with multiple domains.
The occurrence of a cycloidal spin structure has not been observed in the previously reported BFO films, 9 which might be ascribed to larger epitaxial strain in the previously studied films. It has been predicted that a strain larger than 0.5% can destabilize the cycloidal structure in BFO films and form a collinear G-type AFM structure.
14 Neutron-diffraction studies of 200 nm BFO film ͑S4͒ grown on a 4°-miscut ͑001͒-oriented SrTiO 3 substrate with the miscut along the ͓1 1 0͔ direction, which has about 0.4% in-plane compressive strain, show very similar neutron intensity distribution ͑data not shown͒ to as observed for S1, indicating that S4 still displays an AFM modulated with cycloidal spiral spin structure. However, we noticed that the propagation wave vector decreases to 0.0035. It means that the magnetic modulation length increase to ϳ80 nm, suggesting that the cycloidal structure is slightly destroyed, consistent with the trend of the predicted results.
In conclusion, we have revealed the magnetic structure of epitaxial BFO films with engineered ferroelectric domains by means of neutron-diffraction measurements. We have shown that all the studied films exhibit a G-type AFM structure superimposed with cycloidal spiral spin structure. Furthermore, we found that the magnetic domain states of BFO films are closely correlated with the ferroelectric domain states, with a film of a single, two-or multimagnetic domains having a single, two-or multiferroelectric variants correspondingly. The existence of the cycloidal magnetic structure in these partially strain-relaxed BFO films implies nontrivial ME coupling, presumably attributed to the DzyaloshinskiiMoriya interaction, 15 as has been demonstrated in bulk BFO single crystals. 6, 7 Compared with the bulk form, such a strong ME coupling makes the BFO films very promising candidates for the device applications with electrically controlled magnetic properties using an electric voltage of moderate value, such as the electric-field tuned magnetic anisotropy of ferromagnets 16 and the exchange-bias phenomena in the thin film heterostructures composed of ferromagnets and BFO.
